Plant sensing of invading pathogens triggers massive metabolic reprogramming, including the induction of secondary antimicrobial compounds known as phytoalexins. We recently reported that MPK3 and MPK6, two pathogen-responsive mitogen-activated protein kinases, play essential roles in the induction of camalexin, the major phytoalexin in Arabidopsis thaliana. In search of the transcription factors downstream of MPK3/MPK6, we found that WRKY33 is required for MPK3/ MPK6-induced camalexin biosynthesis. In wrky33 mutants, both gain-of-function MPK3/MPK6-and pathogen-induced camalexin production are compromised, which is associated with the loss of camalexin biosynthetic gene activation. WRKY33 is a pathogen-inducible transcription factor, whose expression is regulated by the MPK3/MPK6 cascade. Chromatin immunoprecipitation assays reveal that WRKY33 binds to its own promoter in vivo, suggesting a potential positive feedback regulatory loop. Furthermore, WRKY33 is a substrate of MPK3/MPK6. Mutation of MPK3/MPK6 phosphorylation sites in WRKY33 compromises its ability to complement the camalexin induction in the wrky33 mutant. Using a phospho-protein mobility shift assay, we demonstrate that WRKY33 is phosphorylated by MPK3/MPK6 in vivo in response to Botrytis cinerea infection. Based on these data, we conclude that WRKY33 functions downstream of MPK3/MPK6 in reprogramming the expression of camalexin biosynthetic genes, which drives the metabolic flow to camalexin production in Arabidopsis challenged by pathogens.
INTRODUCTION
Plant recognition of pathogen-associated molecular patterns (PAMPs) or pathogen-derived effector proteins triggers massive changes in gene expression, cellular metabolism, and eventually induced resistance (Staskawicz et al., 1995; Dangl and Jones, 2001; Nü rnberger and Scheel, 2001; Martin et al., 2003; Ausubel, 2005; Boller, 2005) . One of the earliest signaling events after plant sensing of invading pathogens is the activation of mitogenactivated protein kinases (MAPKs) (Tena et al., 2001; Zhang and Klessig, 2001; Ichimura et al., 2002; Nakagami et al., 2005) . Arabidopsis thaliana has three stress/pathogen-responsive MAPKs: MPK3, MPK6, and MPK4. MPK3 and MPK6 function together in a single MAPK cascade because they share common upstream kinases, are coactivated, and are functionally redundant (Asai et al., 2002; Ren et al., 2002 Ren et al., , 2008 Wang et al., 2008) . MPK3 and MPK6 are orthologous to tobacco (Nicotiana tabacum) WIPK and SIPK, respectively (Zhang and Klessig, 2001; Ichimura et al., 2002; Ren et al., 2002) . In tobacco, SIPK and WIPK share a common upstream MAPKK, Nt MEK2 (Yang et al., 2001 ). There are two Nt MEK2 orthologs in Arabidopsis, MKK4 and MKK5 (Ren et al., 2002) . Arabidopsis MPK4 forms another independent MAPK cascade with upstream MKK1/MKK2 and MEKK1 (Petersen et al., 2000; Suarez-Rodriguez et al., 2007; Qiu et al., 2008a) .
Loss-and gain-of-function studies provide genetic evidence supporting a positive role of the MPK3/MPK6 cascade in signaling plant disease resistance (Yang et al., 2001; Asai et al., 2002; Jin et al., 2003; Kroj et al., 2003; del Pozo et al., 2004; Menke et al., 2004; Beckers et al., 2009 ). Identification of the first plant MAPK substrate revealed that MPK3/MPK6 regulate ethylene production by phosphorylating a subset of ACC synthase (ACS) isoforms (Liu and Zhang, 2004; Joo et al., 2008; Han et al., 2010) . Ethylene plays important roles in plant defense (Broekaert et al., 2006; van Loon et al., 2006) . Recently, ERF104, an ethylene response factor, was shown to be a MPK6 substrate that plays important roles in plant resistance to a nonadapted bacterial pathogen (Bethke et al., 2009) . The MPK3/MPK6 cascade is also involved in defense gene activation, reactive oxygen species generation, and hypersensitive response-like cell death (Ren et al., 2002; Kroj et al., 2003; Kim and Zhang, 2004; Liu et al., 2007) . The importance of MAPK signaling in plant-pathogen interactions is also supported by studies of bacterial effectors, several of which target plant MAPK cascades Cui et al., 2010) .
Induction of antimicrobial phytoalexins is an integral part of plant disease resistance (VanEtten et al., 1989; Hammerschmidt, 1999; Dixon, 2001) . Evidence supporting a positive role of phytoalexins in plant disease resistance comes from studies of both pathogens and plants. Disruption of pathogen genes that encode enzymes known to detoxify phytoalexins can lead to loss of pathogenicity, and the virulence of a pathogen on a specific host sometimes coevolves with the generation of enzymes that are capable of degrading plant phytoalexins (VanEtten et al., 1989; Morrissey and Osbourn, 1999) . In addition, mutations of plant genes in the phytoalexin biosynthetic and regulatory pathways, which result in reduced phytoalexin biosynthesis, can lead to increased susceptibility of plants to pathogens (Thomma et al., 1999; Ferrari et al., 2003 Ferrari et al., , 2007 Nafisi et al., 2007; Ren et al., 2008) . In recent years, the biosynthetic pathways of a number of phytoalexins have been fully elucidated, and it has been demonstrated that phytoalexin induction is associated with the activation of genes encoding enzymes in the biosynthetic pathways (Hammerschmidt, 1999; Dixon, 2001) . However, the signal transduction pathway(s) leading to the activation of these genes are mostly unclear.
We previously reported that the pathogen-responsive MPK3/ MPK6 cascade plays a positive role in regulating the biosynthesis of camalexin (3-thiazol-2'-yl-indole; Tsuji et al., 1992) , the major phytoalexin in Arabidopsis (Ren et al., 2008) . Activation of the MPK3/MPK6 cascade leads to coordinated upregulation of multiple genes encoding enzymes in the camalexin biosynthetic pathway, including CYP71A13, which converts indole-3-acetaldoxime to indole-3-acetonitrile, and PAD3, which encodes another P450 enzyme (CYP71B15) that carries out the last step of camalexin biosynthesis (Zhou et al., 1999; Schuhegger et al., 2006; Nafisi et al., 2007; Bö ttcher et al., 2009 ). We also hypothesized that MPK3/MPK6 are likely to phosphorylate a transcription factor or factors, which is/are directly responsible for activating the expression of camalexin biosynthetic genes (Ren et al., 2008) .
In our search for the transcription factor(s) downstream of MPK3/MPK6 in Arabidopsis or their orthologous WIPK/SIPK in tobacco, we identified WRKY transcription factors, including Arabidopsis WRKY33, as potential downstream targets based on their gene activation in the gain-of-function GVG-Nt-MEK2 DD plants ( Kim and Zhang, 2004; Wan et al., 2004) . Later, it was shown that WRKY33 expression is highly induced in Arabidopsis treated with PAMPs or infected by pathogens and that wrky33 mutants are more susceptible to Botrytis cinerea and to Alternaria brassicicola (Zheng et al., 2006; Lippok et al., 2007) . In the same studies, it was also demonstrated that WRKY33 is nuclear localized and that it binds to the W-box cis-element. More recently, WRKY33 was shown to be essential for the induction of camalexin biosynthesis in Arabidopsis infected with Pseudomonas syringae, and WRKY33 directly binds to the PAD3 promoter (Qiu et al., 2008b) .
In this report, we demonstrate that the WRKY33 transcription factor functions downstream of MPK3/MPK6 in activating the expression of camalexin biosynthetic genes. In the wrky33 mutant background, both the gain-of-function MPK3/MPK6-and B. cinerea-induced camalexin production are compromised, which is associated with the loss of activation of camalexin biosynthetic genes. WRKY33 is a pathogen-inducible transcription factor, whose expression is regulated by the MPK3/ MPK6 cascade. In addition, WRKY33 is a substrate of MPK3/ MPK6. Using a phospho-protein mobility shift assay, we show that WRKY33 is phosphorylated by MPK3/MPK6 in vivo in response to B. cinerea infection. Furthermore, mutation of MPK3/MPK6 phosphorylation sites in WRKY33 compromises its ability to complement the deficiency of camalexin induction in the wrky33 mutant. These results demonstrate that WRKY33 acts downstream of MPK3/MPK6 in reprogramming the expression of camalexin biosynthetic genes, which drives the metabolic flow to camalexin production in Arabidopsis infected by pathogens.
RESULTS

WRKY33
Is Essential for Gain-of-Function GVG-Nt-MEK2 DD -and B. cinerea-Induced Camalexin Biosynthesis
Using a gel mobility shift assay, we identified WRKY transcription factors as potential targets of SIPK/WIPK in tobacco defense response (Kim and Zhang, 2004) . To identify the specific WRKY(s) involved, we took a genetic approach in Arabidopsis by crossing the dexamethasone (DEX)-inducible promoter-driven constitutively active Nt MEK2 DD transgene (GVG-Nt-MEK2 DD , abbreviated as DD) (Yang et al., 2001; Ren et al., 2002) into different wrky mutant backgrounds. Our initial efforts were focused on WRKY members, including WRKY6, WRKY33, WRKY40, and WRKY53, whose expressions are induced in the DD plants after DEX treatment (Wan et al., 2004 ) (Y. Liu and S. Zhang, unpublished data) . Known MPK3/MPK6-regulated defense responses, including defense gene activation, ethylene induction, and camalexin production (Kim and Zhang, 2004; Liu and Zhang, 2004; Ren et al., 2008) , were monitored in the DD/wrky double mutants. As shown in Figure 1A , DD-induced camalexin production was blocked in the wrky33, but not wrky6, wrky40, or wrky53, background, suggesting that WRKY33 is downstream of MPK3/MPK6 in regulating camalexin biosynthesis. DD expression and MPK3/MPK6 activation after DEX treatment were not affected in the DD/wrky33 double mutant ( Figure 1B ). Compromised camalexin induction was associated with the loss of activation of camalexin biosynthetic genes, including CYP71A13 and PAD3 ( Figures 1C and  1D ), consistent with our previous report that gene activation is involved in MPK3/MPK6-induced camalexin biosynthesis (Ren et al., 2008) .
Two wrky33 mutant alleles were analyzed, which gave similar results. In addition, we transformed a WRKY33 native promoter driven tandem-affinity purification (TAP)-tagged WRKY33 construct (WRKY33-TAP) into the DD/wrky33 background. As shown in Figure 1E , this construct fully rescued camalexin induction in the DD/wrky33 plants. Again, the induction of the DD protein and the MPK3/MPK6 activation were the same in plants with different genotypes ( Figure 1F , top and middle). Previously, we reported that WRKY33 expression is highly induced by MPK3/MPK6 activation (Wan et al., 2004) . With the TAP tag, we examined the WRKY33 protein levels before and after MPK3/MPK6 activation. As shown in Figure 1F (bottom), the WRKY33 protein was undetectable before MPK3/MPK6 activation and accumulated to high levels after MPK3/MPK6 activation, consistent with the activation of WRKY33 gene expression in DD plants after DEX treatment (Wan et al., 2004) .
WRKY33 is also essential for B. cinerea-induced camalexin biosynthesis. Camalexin induction in the wrky33 mutants was compromised (Figure 2A ), which was associated with the greatly reduced activation of CYP71A13 and PAD3 gene expression ( Figures 2C and 2D ). The activation of MPK3/MPK6 was not affected in the wrky33 mutants ( Figure 2B ), consistent with a function of WRKY33 downstream of MPK3/MPK6. The WRKY33-TAP transgene fully rescued the deficiency of wrky33 at 24 h after B. cinerea inoculation ( Figure 2E ). Again, the WRKY33-TAP protein was absent before pathogen infection and was induced by B. cinerea infection ( Figure 2F ), which was associated with the activation WRKY33 at transcriptional level (see Supplemental Figure 1 
online).
The Pathogen-Responsive MPK3/MPK6 Cascade Is Involved in WRKY33 Gene Activation WRKY33 is a PAMP/pathogen-responsive WRKY transcription factor that is essential to B. cinerea resistance (Zheng et al., 2006; Lippok et al., 2007) . Gain-of-function activation of MPK3/ MPK6 is sufficient to activate WRKY33 expression (Wan et al., 2004) , suggesting that the MPK3/MPK6 cascade might be involved in PAMP/pathogen-induced WRKY33 gene activation. To provide loss-of-function evidence, we examined WRKY33 expression in B. cinerea-infected wild type (Columbia-0 [Col-0]), single mpk3 or mpk6 mutants, and the rescued mpk3 mpk6 double mutant Ren et al., 2008 , were called rescued mpk3 mpk6 double mutants and were used for experiments.
As shown in Figure 3A , WRKY33 activation was not affected in the single mpk3 or mpk6 mutants. However, in the rescued mpk3 mpk6 double mutant, WRKY33 induction was compromised and much delayed, suggesting that the MPK3/MPK6 cascade is required for full induction of WRKY33 expression. The residual activation of WRKY33 in the mpk3 mpk6 double mutant suggests that other pathways are also involved in B. cinerea-induced WRKY33 expression. It is also possible that the basal level Total protein extracts prepared from seedlings shown in (E) were subjected to an in-gel kinase assay using MBP as a substrate (top), and immunoblot analyses using anti-Flag antibody to detect Flagtagged DD protein (middle) and anti-IgG-HRP conjugate to detect the TAP-tagged WRKY33 (bottom). Statistically different data groups at a specific time point (P value < 0.05) are indicated using different numbers of asterisks (0 to 2) vertically placed above the columns in the graphs.
expression of the GVG-MPK6 transgene might be able to compensate the mutant to a certain extent, although this is unlikely since we detected little/no activity from the transgenic MPK6 by the in-gel kinase activity assay in the rescued mpk3 mpk6 double mutant after B. cinerea infection (Ren et al., 2008; Han et al., 2010) .
In Vitro Phosphorylation of WRKY33 by MPK3 and MPK6
Despite a partial blockage of WRKY33 gene activation, camalexin induction in the mpk3 mpk6 double mutant was almost completely inhibited (Ren et al., 2008) . Associated with it, induction of CYP71A13 and PAD3 expression was also abolished ( Figures 3B and 3C ). This result suggests that MPK3/MPK6 might regulate WRKY33 at additional levels. It is possible that phosphorylation by MPK3/MPK6 is required to fully activate the de novo synthesized WRKY33 protein. In the absence of MPK3 and MPK6, residual induction of WRKY33 is unable to fully activate the expression of downstream camalexin biosynthetic genes, resulting in compromised camalexin induction. An examination of WRKY33 protein sequence revealed a cluster of five potential MAPK phosphorylation sites in the N terminus of the WRKY33 protein ( Figure 4A) . As a result, we prepared a His-tagged recombinant WRKY33 protein for in vitro MAPK phosphorylation assays.
As shown in Figure 4B (top), activated recombinant MPK3 and MPK6 strongly phosphorylated WRKY33. By contrast, MPK10, a closely related homolog of MPK3 and MPK6, failed to do so. All three MAPKs were able to phosphorylate myelin basic protein (MBP), demonstrating that all were active (Figure 4B, bottom) . Without activation by the constitutively active MKK4 DD /MKK5 DD , neither MPK3 nor MPK6 was able to phosphorylate WRKY33 ( Figure 4B ), confirming the importance of phosphorylation activation of MPK3/MPK6 by its upstream MKK4/MKK5. In the autoradiogram, the phosphorylation labeling of MAPKs by MKK4 DD /MKK5 DD was evident ( Figure 4B, top) . When all five Ser residues were mutated to Ala (WRKY33 SA ), the protein could no longer be phosphorylated by MPK3/MPK6 ( Figure 4C ).
In addition to recombinant MAPKs, we also analyzed the phosphorylation of WRKY33 by the native MAPKs. In this assay, recombinant WRKY33 WT or WRKY33 SA protein was embedded in an SDS-PAGE gel instead of MBP. Phosphorylation of the embedded WRKY33 was determined by an in-gel kinase assay using total protein extracts from Col-0, mpk3, mpk6, and mpk3 mpk6 seedlings treated with B. cinerea, which activates MPK3/ MPK6 and MPK4 cascades (Ren et al., 2008; Han et al., 2010) . As shown in Figure 4D , identical kinase activity patterns were observed when WRKY33 WT and MBP were used as the substrates. By contrast, no kinase activity was detected when WRKY33 SA was embedded in the gel. The loss of kinase bands in their respective mutants confirmed the MAPK identities. In addition to MPK3 and MPK6, we also detected the activity of MPK4 in assays using WRKY33 WT and MBP (but not WRKY33 SA ) Total protein extracts prepared from seedlings shown in (E) were subjected to immunoblot analyses using a goat anti-IgG-HRP conjugate to detect the TAP-tagged WRKY33 (top). Equal amounts (10 mg) were loaded to each lane and were confirmed by Ponceau S staining (bottom). Statistically different data groups at a specific time point (P value < 0.05) are indicated using different numbers of asterisks (0 to 2) vertically placed above the columns in the graphs.
as substrates, suggesting that MPK4 is able to phosphorylate WRKY33 in vitro on the same Ser residues. Similar to our previous reports (Ren et al., 2008; Han et al., 2010) , higher levels of MPK4 activity were observed in the mpk3 mpk6 double mutant after B. cinerea infection ( Figure 4D ). This could be a result of higher MPK4 protein levels in the mpk3 mpk6 double mutant (Han et al., 2010) . It is also possible that MPK4 cascade and MPK3/ MPK6 cascade share common upstream components after the sensing of B. cinerea. The loss of MPK3/MPK6 cascade leads to a higher signaling strength feeding into the MPK4 cascade.
MPK3/MPK6 Phosphorylation Sites in WRKY33 Are Essential for Its Full Activity in Vivo
To determine the importance of WRKY33 phosphorylation by MPK3/MPK6 in vivo, we investigated the ability of WRKY33 SA in complementing the wrky33 mutant phenotype. In this experiment, we used the constitutive 35S promoter-driven WRKY33 WT and WRKY33 SA constructs so that the regulation of WRKY33 at the phosphorylation level by MPK3/MPK6 could be studied separately from its regulation at the transcriptional level. A four-copy myc tag (4myc) was added to the N terminus for easy detection of the WRKY33 protein. More than 30 independent lines of each construct were analyzed to determine the induction of camalexin production after B. cinerea infection. We found that WRKY33 SA lines had lower levels of camalexin induction than WRKY33 WT lines with similar levels of expression, and none of the WRKY33 SA lines showed full rescue of the wrky33 (A) Induction of WRKY33 gene expression was compromised in the rescued mpk3 mpk6 double mutant. Wild-type (Col-0), mpk3, mpk6, and mpk3 mpk6 seedlings were inoculated with B. cinerea. Samples were collected at indicated times. Induction of the WRKY33 transcript was quantified by real-time qPCR. Error bars indicate SE (n = 3). (B) and (C) Activation of camalexin biosynthetic genes, including CYP71A13 (B) and PAD3 (C), was compromised in the mpk3 mpk6 mutant. Error bars indicate SE (n = 3). Asterisks above the columns indicate the data sets that are statistically different from those without asterisk at a specific time point (P value < 0.05). (Figures 5A and 5B ). This result revealed that WRKY33 SA was less efficient in complementing the wrky33 mutant. The higher WRKY33 SA protein level was associated with a higher level of gene expression ( Figure 5C ). In the wild-type (Col-0) control, induction of WRKY33 expression was evident. In both transgenic lines, transcripts were constitutively expressed because of the 35S promoter. In the vector/wrky33 control, no WRKY33 transcript was detectable, demonstrating the specificity of the RT-PCR reaction. RT-PCR with a primer pair that spans the whole open reading frame was used to examine WRKY33 transgene expression in the wrky33 background because wrky33 mutant alleles still produce nonfunctional transcripts (Zheng et al., 2006) . We tried several pairs of quantitative PCR (qPCR) primers, and all of them amplified the cDNAs from the mutated gene transcripts. We found that the native promoter driven WRKY33 SA construct also failed to fully complement the camalexin induction in the wrky33 mutant background (see Supplemental Figure 2 online). Loss-of-phosphorylation mutant WRKY33 SA was also less efficient in complementing the activation of camalexin biosynthetic genes in the wrky33 mutant ( Figures 5D and 5E ). The induction of CYP71A13 and PAD3 gene expression was much lower at 12 h after B. cinerea inoculation in the WRKY33 SA / wrky33 seedlings in comparison to that in the wild-type control (Col-0) and WRKY33 WT /wrky33 seedlings. The much-delayed induction of camalexin biosynthetic genes is likely to hamper the accumulation enzyme activities, resulting in the lower camalexin production in WRKY33 SA /wrky33 seedlings ( Figure 5A ). Once the cell death sets in at the later stage of the infection process, the cell will eventually have a reduced metabolic capacity and may lose the ability to produce camalexin.
To determine the importance of WRKY33 phosphorylation in camalexin induction in the gain-of-function DD plants, we crossed the transgenic lines shown in Figure 5A (homozygous vector/wrky33, WRKY33 WT /wrky33, and WRKY33 SA /wrky33) with DD/wrky33 to generate DD/vector/wrky33, DD/WRKY33 WT / wrky33, and DD/WRKY33 SA /wrky33. Large numbers of crosses were performed to obtain enough F1 seeds for experiments. They were homozygous for wrky33 and heterozygous for DD and WRKY33 WT or WRKY33 SA . Camalexin accumulation after DEX treatment in these lines was compared. As shown in Figure 6A , WRKY33 WT was able to fully complement the loss of endogenous WRKY33. However, WRKY33 SA could only partially rescue wrky33. Immunoblot analysis using an anti-myc antibody revealed that WRKY33 SA expressed at a higher level than WRKY33 WT ( Figure 6B ), ruling out the possibility that the partial complementation by the WRKY33 SA transgene was a result of lower expression. Again, the lower efficiency of WRKY33 SA in complementing the DD-induced camalexin production in the wrky33 mutant ( Figure 6A ) was associated with the compromised induction of camalexin biosynthetic genes, including CYP71A13 and PAD3 ( Figures 6C and 6D ). Based on these data, we can conclude that WRKY33 SA , a loss-of-phosphorylation mutant, cannot achieve the full activity of WRKY33 WT in activating the expression of camalexin biosynthetic genes, highlighting the importance of WRKY33 phosphorylation by MPK3/MPK6 in camalexin induction.
Phosphorylation of WRKY33 by MPK3/MPK6 in Vivo
The genetic evidence above demonstrates that MPK3/MPK6 phosphorylation sites in the N terminus of WRKY33 are important for the full induction of camalexin biosynthesis in plants challenged by B. cinerea or in the gain-of-function DD plants ( Figures  5 and 6 ). To provide direct evidence that WRKY33 is phosphorylated by MPK3/MPK6 in vivo, we used the Phos-tag mobility shift assay, in which the binding of phospho-proteins to the Phos-tag reagent in the SDS-PAGE gel matrix slows down their movement (Bethke et al., 2009) . Protein extracts from WRKY33 WT /wrky33 and WRKY33 SA /wrky33 plants treated with B. cinerea were first separated in a Phos-tag SDS-PAGE gel, and 4myc-tagged WRKY33 was detected by immunoblot analysis. Extracts from the wild type (Col-0) were used as a negative control to determine the specificity of the anti-myc immunoblot analysis. As shown in Figure 7A , upshift of 4myc-tagged WRKY33 WT was observed after B. cinerea infection, which was associated with a decrease in unphosphorylated WRKY33 WT protein. Such upshift was absent in the extracts from WRKY33 SA / wrky33 plants, demonstrating the phosphorylation of WRKY33 on the five MAPK phosphorylation sites after B. cinerea infection. Total 4myc-tagged WRKY33 proteins were determined by regular immunoblot ( Figure 7A , middle). Equal loading of protein was double confirmed by staining of nitrocellulose membrane with Ponceau S (Figure 7A, bottom) .
To demonstrate the phosphorylation of WRKY33 by MPK3/ MPK6, we analyzed the phosphorylation status of WRKY33 in the DD background. Protein extracts from DD, DD/WRKY33 WT / wrky33, and DD/WRKY33 SA /wrky33 plants treated with DEX for different times were subjected to Phos-tag mobility shift assays. Within 6 h after DEX treatment, the majority of the WRKY33 WT protein was phosphorylated, as indicated by the upshift of the 4myc-tagged WRKY33. Associated with this, the amount of unphosphorylated protein decreased ( Figure 7B, top) . By contrast, no such upshift of WRKY33 SA was observed, demonstrating again that the phosphorylation was on the MAPK phosphorylation sites. Based on these data, we conclude that WRKY33 is phosphorylated after MPK3/MPK6 activation and that the phosphorylation is dependent on the MAPK phosphorylation sites in the N terminus of WRKY33. Combined with the genetic evidence that the MPK3/MPK6 phosphorylation sites are required for the complementation of the wrky33 mutant phenotype, we can conclude that MPK3/MPK6 phosphorylation of WRKY33 is important to the activation of camalexin biosynthetic genes.
MPK3/MPK6 Phosphorylation of WRKY33 Does Not Alter Its DNA Binding Activity
Phosphorylation of a transcription factor by a kinase may change the DNA binding activity of the transcription factor. To determine whether phosphorylation of WRKY33 by MPK3/MPK6 alter its W-box binding activity, we performed an electrophoresis mobility shift assay (EMSA). As shown in Figure 8 , wild-type WRKY33 (WRKY33 WT ) and loss-of-phosphorylation WRKY33 mutant (WRKY33 SA ) had similar DNA binding activity to W-box. Inclusion of unlabeled W-box, but not GCC-box or as-1 box, in the binding reaction effectively competed the binding of WRKY33 to the 32 Plabeled W-box probe, demonstrating the specificity of W-box binding activity of WRKY33 protein. This experiment also demonstrated that the mutation of the five Ser residues in the MPK3/ MPK6 phosphorylation sites to Ala residues does not interfere with the DNA binding activity of WRKY33.
To determine the effect of MPK3/MPK6 phosphorylation on the DNA binding activity of WRKY33, we first phosphorylated WRKY33 using the activated MPK3/MPK6. Since both MPK3 and MPK6 phosphorylate WRKY33 on the same sites (Figure 4) , we used an equal mixture of MPK3 and MPK6 as the enzyme. A control reaction without the addition of MPK3/MPK6 was set side-by-side, which was used as unphosphorylated WRKY33. EMSA revealed no difference in the W-box binding activity between the phosphorylated WRKY33 and unphosphorylated WRKY33 ( Figure 8B ). This finding suggests that the phosphorylation of WRKY33 by MPK3/MPK6 might affect the transactivation activity rather than the W-box binding activity of WRKY33. This is consistent with the fact that MPK3/MPK6 phosphorylation sites in WRKY33 are far away from the DNA binding domain (Zheng et al., 2006) , making it unlikely that the phosphorylation will change its DNA binding activity. In addition, we found that WRKY33 is constitutively associated with the chromatin since extraction buffer without SDS was unable to extract WRKY33 from cells.
Binding of WRKY33 to Its Own Promoter Suggests Potential Self-Activation of Transcription
Increase in the levels of WRKY33 protein, which is associated with WRKY33 gene activation ( Figures 1F, 2F , and 3A), is likely to play an important role in the activation of downstream genes during plant defense response. It was demonstrated that a cluster of W-box in the promoter of WRKY33 is involved in the WRKY33 gene activation in plants infected by pathogens or after PAMP treatment (Lippok et al., 2007) . Furthermore, it was shown in the same report that WRKY transcription factors interact with these W-boxes in vivo based on chromatin immunoprecipitation (ChIP) assay. However, since an antibody against all/most WRKY (A) Loss-of-phosphorylation WRKY33 can only partially complement the wrky33 mutant. Myc epitope-tagged WRKY33 WT and WRKY33 SA under the control of the constitutive 35S promoter were transformed into the wrky33 mutant. An empty vector was used as a negative control. Camalexin accumulation was determined at indicated times after B. cinerea inoculation, and seedlings were collected for protein and RNA preparations. Error bars indicate SE (n = 3). FW, fresh weight. (B) Expression of WRKY33 SA at a higher level despite a lower level of complementation. Levels of WRKY33 protein in samples collected in (A) were determined by immunoblot analysis using an anti-myc epitope antibody (top). Equal loading was confirmed by Ponceau S staining (bottom). (C) Higher WRKY33 SA protein levels were associated with higher transcript levels. Levels of WRKY33 transcript in samples collected in (A) were examined by RT-PCR using a primer pair that did not amplify WRKY33 with the T-DNA insertion (top). EF1a was used to show equal inputs of cDNA templates (bottom). Twenty-five cycles of PCR were performed. (D) and (E) WRKY33 SA is less efficient in supporting the B. cinereainduced activation of camalexin biosynthetic genes, including CYP71A13 (D) and PAD3 (E). Transcript levels were determined by real-time qPCR. Error bars indicate SE (n = 3). Statistically different data groups at a specific time point (P value < 0.05) are indicated using different numbers of asterisks (0 to 3) vertically placed above the columns in the graphs. transcription factors was used in the ChIP assay, the identity of the WRKY remains unknown. To determine whether WRKY33 is involved in regulating its own expression, we performed ChIPqPCR assay to see whether WRKY33 binds to its own promoter. As shown in Figure 9A , WRKY33 promoter was greatly enriched with an anti-myc antibody that immunoprecipitates the 4myc-tagged WRKY33 transgene product. By contrast, IgG control failed to pull down WRKY33 promoter DNA. (A) Loss-of-phosphorylation WRKY33 can only partially complement the camalexin induction in DD/wrky33 mutant. The same transgenic lines shown in Figure 5 were crossed to DD/wrky33 lines to generate DD/ wrky33/4myc-WRKY33 WT , DD/wrky33/4myc-WRKY33 SA , and vector control lines. Camalexin accumulation was monitored at indicated times after DEX (1 mM) treatment, and seedlings were collected for protein preparations. Error bars indicate SE (n = 3). (B) Partial complementation by WRKY33 SA was not a result of a lower expression level. Levels of WRKY33 protein in the transgenic lines were determined in samples collected in (A) using an anti-myc antibody (top). Equal loading was confirmed by Ponceau S staining (bottom). (C) and (D) WRKY33 SA is less efficient in supporting the MPK3/MPK6-induced activation of camalexin biosynthetic genes, including CYP71A13 (C) and PAD3 (D). Transcript levels were determined by real-time qPCR. Error bars indicate SE (n = 3). Statistically different data groups at a specific time point (P value < 0.05) are indicated using different numbers of asterisks (0 to 2) vertically placed above the columns in the graphs. cinerea for different times were separated in an SDS-PAGE gel with Phos-tag reagent. After being transferred to a nitrocellulose membrane, myc-tagged WRKY33 WT and WRKY33 SA proteins were detected by an anti-myc antibody (top). A regular immunoblot (IB) was done at the same time to detect total WRKY33 protein (middle). Equal loading was confirmed by Ponceau S staining (bottom). (B) WRKY33 phosphorylation in gain-of-function DD seedlings after DEX treatment. Protein extracts from DD, DD/wrky33/4myc-WRKY33 WT , and DD/wrky33/4myc-WRKY33 SA seedlings treated with DEX (1 mM) at various times were separated in a Phos-tag SDS-PAGE gel. After being transferred to nitrocellulose membranes, WRKY33 WT and WRKY33 SA proteins were detected by an anti-myc antibody (top). A regular immunoblot was done at the same time to detect the total WRKY33 protein (middle). Equal loading was confirmed by Ponceau S staining (bottom).
To further validate the ChIP-qPCR experiment, we quantified the enrichment of the PAD3 promoter. Our results indicated that WRKY33 is likely to target PAD3 genes directly and is involved in the upregulation of PAD3 expression ( Figures 1D and 2D ). As shown in Figure 9B , anti-myc antibody effectively enriched the PAD3 promoter DNA, while the control IgG failed to do so. This result is consistent with previous finding that WRKY33 directly interacts with PAD3 promoter (Qiu et al., 2008b) .
DISCUSSION
Induction of phytoalexins in plants after pathogen invasion is an integral part of induced plant disease resistance (VanEtten et al., 1989; Glazebrook et al., 1997; Hammerschmidt, 1999; Morrissey and Osbourn, 1999; Dixon, 2001 ). The biosynthetic pathways of a number of phytoalexins have been fully defined. However, the signaling pathways regulating their biosynthesis are largely unclear. Our previous study demonstrated that the Arabidopsis MPK3/MPK6 cascade is an important regulatory pathway controlling camalexin biosynthesis in Arabidopsis (Ren et al., 2008) .
The activation of MPK3/MPK6 leads to the upregulation of the expression of camalexin biosynthetic genes, implicating the involvement of downstream transcription factors. In this report, we demonstrate that WRKY33 is a key component downstream of MPK3/MPK6 in the pathogen-induced camalexin biosynthesis. In wrky33 mutants, both the gain-of-function MPK3/MPK6-and the pathogen-induced camalexin productions are compromised, which is associated with the loss of activation of camalexin biosynthetic genes. Genetic analysis revealed that the MAPK phosphorylation sites in WRKY33 are important for its full function/activity in vivo. Phospho-protein mobility shift assays allowed us to demonstrate the in vivo phosphorylation of WRKY33 by MPK3/MPK6 after B. cinerea infection. Taken together, we can conclude that WRKY33, a novel MPK3/MPK6 substrate, plays an essential role in the transcriptional activation of camalexin biosynthetic genes and camalexin induction in Arabidopsis in response to pathogen infection.
Dual-Level Regulation of WRKY33 by the MPK3/MPK6 Cascade in Plant Defense Response
Expression of many WRKY genes is highly induced by stresses, especially pathogen-related stimuli (Dong et al., 2003; Pandey and Somssich, 2009; Rushton et al., 2010) . However, the signaling pathways and downstream transcription factors are unknown. Gain-of-function activation of MPK3/MPK6 was sufficient to induce WRKY33 expression and WRKY33 protein accumulation ( Figure 1F ) (Wan et al., 2004) , suggesting that the MPK3/MPK6 cascade might be involved in pathogeninduced WRKY33 expression. In this report, we provide loss-offunction evidence to support this conclusion. In the mpk3 mpk6 double mutant, B. cinerea-induced WRKY33 induction was (A) EMSA was performed using freshly prepared recombinant WRKY33 WT or WRKY33 SA protein and 32 P-labeled W-box probe. The specificity of W-box binding activity was demonstrated by competition assay using 250-fold excess unlabeled W-box, GCC-box, or as1-box DNAs.
(B) Phosphorylation of WRKY33 does not enhance its W-box binding activity. Freshly prepared recombinant WRKY33 WT was phosphorylated using the activated MPK3 and MPK6 (equal mixture). A control reaction without MPK3/MPK6 was processed side-by-side. The W-box binding activity of the phosphorylated and unphosphorylated (from the control reaction) was determined by EMSA as in (A). ChIP-qPCR analysis was performed using DD/4myc-WRKY33 WT plants generated from the cross of wrky33/4myc-WRKY33 WT with DD lines. Input chromatin was isolated from 2-week-old seedlings 12 h after DEX treatment. Epitope-tagged WRKY33-chromatin complex was immunoprecipitated with an anti-myc antibody. A control reaction was processed side-by-side using mouse IgG. ChIP-and input-DNA samples were quantified by real-time qPCR using primers specific to the promoters of WRKY33 (A) and PAD3 (B) genes. The ChIP results are presented as percentage of input DNA. Error bars indicate SE (n = 3). compromised ( Figure 3A) . However, the induction of WRKY33 was not completely inhibited but rather reduced greatly, especially at earlier time points. This delayed induction of WRKY33 ( Figure 3A) was associated with the blockage of camalexin induction (Ren et al., 2008) . Based on these results, we conclude that, although the MPK3/MPK6 cascade plays important roles in regulating WRKY33 expression, other signaling pathways are also involved. It is also possible that the downstream signaling process involved in the induction of WRKY33 expression can still be triggered in the absence of MPK3/MPK6. Another scenario is that, in the rescued mpk3 mpk6 double mutant, the basal level expression of MPK6 gene from the leaky DEX-inducible promoter might be able to partially compensate the mutant, although this is unlikely since we detected little/no activity from the transgenic MPK6 by the in-gel kinase activity assay in the rescued mpk3 mpk6 double mutant after B. cinerea infection (Ren et al., 2008; Han et al., 2010) .
W-box, the WRKY binding site, exists at high frequencies in WRKY promoters, which led to the hypothesis that WRKY transcription factors can autoactivate their own expression (Dong et al., 2003; Pandey and Somssich, 2009; Rushton et al., 2010) . The WRKY33 promoter has three W-box cis-elements, which are required for efficient pathogen-or PAMP-triggered gene activation (Lippok et al., 2007) . In the same report, it was also shown that the rapid induction of WRKY33 is independent of de novo protein synthesis, suggesting the involvement of posttranslational regulation of a preexisting factor. In this report, we demonstrate that WRKY33 is a substrate of the stress/pathogeninducible MPK3/MPK6, and phosphorylation of WRKY33 is likely to promote the transactivation activity of WRKY33. It is tempting to speculate that the phosphorylation of the basal-level WRKY33 protein might be involved in turning on WRKY33 expression, forming a positive feedback regulation loop. In support of this hypothesis, we found that WRKY33 interacts directly with the W-boxes in the promoter of WRKY33 based on ChIP-qPCR assay (Figure 9 ). The activation of WRKY33 at both transcriptional and posttranscriptional levels eventually drives the high-level activation of camalexin biosynthetic genes and the induction of camalexin biosynthesis, as depicted in our working model (Figure 10 ).
Camalexin Biosynthetic Enzymes and Key Regulators of the Biosynthetic Pathway Are Required for Plant Fungal Resistance
Camalexin induction plays important roles in Arabidopsis resistance to fungal pathogens. Mutation of key enzymes in the camalexin biosynthetic pathway compromises resistance (Glazebrook et al., 1997; Thomma et al., 1999; Zhou et al., 1999; Ferrari et al., 2003 Ferrari et al., , 2007 Nafisi et al., 2007) . Mutation of the Arabidopsis WRKY33 gene also causes enhanced susceptibility to the necrotrophic fungal pathogens B. cinerea and A. brassicicola. Ectopic overexpression of WRKY33, on the other hand, increases resistance to these two necrotrophic fungal pathogens (Zheng et al., 2006) . Previously, we found that the MPK3/MPK6 cascade regulates camalexin biosynthesis and that mutation of MPK3 also compromises plant resistance to B. cinerea (Ren et al., 2008) . In this report, we demonstrate that WRKY33 is downstream of the MPK3/MPK6 cascade in activating the expression of camalexin biosynthetic genes in response to B. cinerea infection. They function together in one regulatory pathway to control the expression of camalexin biosynthetic genes (Figure 10 ). It is likely that the compromised fungal resistance in the wrky33 mutant is, at least in part, due to the lack of camalexin induction.
Plant sensing of B. cinerea invasion triggers long-lasting activation of MPK3/MPK6, which regulates WRKY33 at both transcriptional and posttranslational levels by direct phosphorylation of WRKY33 at the N-terminal Ser residues. At present, the PAMPs/effectors in B. cinerea and the sensors/receptors in Arabidopsis that trigger the long-lasting activation of the MPK3/MPK6 cascade are unknown. One of the known PAMPs from B. cinerea, cell wall-derived polysaccharide elicitors, only activates MPK3/MPK6 transiently (Han et al., 2010) , which is not A simplified camalexin biosynthetic pathway and its regulatory pathway are placed in separate rectangular boxes with dashed outlines. Genes whose expressions are induced by pathogen infection and MPK3/MPK6 activation are marked by bold, italic font. Arrows with solid lines are used to connect WRKY33 and its direct target genes based on ChIP-qPCR analysis. WRKY33 binds constitutively to the W-box cis-elements. Upon phosphorylation by MPK3/MPK6, WRKY33 is able to activate the expression of its target genes, including WRKY33, forming a potential positive feedback regulatory loop downstream of MPK3/MPK6 cascade. The activation of WRKY33 at both transcriptional and posttranslational levels eventually drives the high-level activation of camalexin biosynthetic genes and the induction of camalexin biosynthesis. One arrow may represent multiple steps because of unknown components.
[See online article for color version of this figure. ] associated with the induction of camalexin (data not shown). Prolonged activation of MPK3/MPK6 leads to the coordinated high-level induction of multiple genes in the camalexin biosynthetic pathway (Ren et al., 2008) , which drives the metabolic flow from primary metabolism to the formation of camalexin, a secondary metabolite.
Is MPK4 Involved in Camalexin Induction in Arabidopsis
Challenged by B. cinerea?
Our finding that WRKY33 is essential to camalexin biosynthesis is consistent with a previous report (Qiu et al., 2008b) . However, more research is needed to reconcile how WRKY33 is regulated. Qiu et al. (2008b) conclude that MPK4 regulates WRKY33 by sequestering it in the MPK4/MKS1 complex in the absence of pathogens. After sensing an invading pathogen, the activation of MPK4 phosphorylates MKS1 (but not WRKY33), which releases WRKY33 from the complex so it can activate gene expression (Qiu et al., 2008b) . In the conditional gain-of-function DD Arabidopsis plants, no MPK4 activation was detectable ( Figure 1B ) (Liu and Zhang, 2004; Ren et al., 2008) . However, WRKY33-dependent camalexin induction was normal, suggesting that MPK4 activation is not essential to the WRKY33-dependent activation of camalexin induction. Furthermore, in the rescued mpk3 mpk6 double mutant, high levels of MPK4 protein and activation was detected ( Figure 4D ) (Ren et al., 2008; Han et al., 2010) , but camalexin induction by B. cinerea infection was compromised (Ren et al., 2008) , suggesting that MPK4 activation is not sufficient to support the camalexin induction. Finally, we analyzed camalexin induction in the mpk4 mutant and found no difference in the camalexin induction between the mpk4 mutant and its wild-type control after B. cinerea infection (see Supplemental Figure 3 online). Based on these results, we conclude that MPK4 is not required for camalexin induction in Arabidopsis after B. cinerea infection. It is possible that MPK4 has differential roles in camalexin induction in response to different pathogens; for example, MPK4 is not required for the camalexin induction by a fungal pathogen (this study) but is involved in camalexin induction by a bacterial pathogen (Qiu et al., 2008b) .
The Signaling Specificity of Multifunctional MPK3/MPK6 Is Conferred by Their Diverse Substrates MPK3/MPK6 are involved in many different processes, including induction of ethylene biosynthesis in plants under stress Liu and Zhang, 2004; Joo et al., 2008; Han et al., 2010) , camalexin induction (Ren et al., 2008 ; this report), stomatal development Lampard et al., 2008) , flower petal abscission (Cho et al., 2008) , and ovule development . It appears that their multifunctionality and signaling specificity are conferred by their ability to phosphorylate different substrates. Four MPK3/MPK6 substrates have been reported with functional data (Liu and Zhang, 2004; Lampard et al., 2008; Bethke et al., 2009; this report) . A subset of ACS isoforms, the rate-limiting enzyme in the ethylene biosynthetic pathway, can be directly phosphorylated by MPK3 and MPK6, which stabilize the ACS protein and lead to ethylene induction (Liu and Zhang, 2004; Joo et al., 2008; Han et al., 2010) . In the stomatal pathway, phosphorylation of SPEECHLESS, a basic helix-loop-helix transcription factor involved in stomatal initiation, negatively regulates stomatal development (Lampard et al., 2008) . ERF104, a member of the ethylene response factor (ERF) transcription factor family, forms a complex with MPK6. Upon MPK6 activation by flg22 PAMP treatment, ERF104 is released from the complex so it can access its target genes (Bethke et al., 2009) .
Phosphorylation of WRKY33 by MPK3/MPK6 enhances its activity in promoting the expression of downstream camalexin biosynthetic genes. Different from ACS2/ACS6, accumulation of WRKY33 protein in plants after B. cinerea infection or in gainof-function DD plants after DEX treatment is a result of transcriptional activation ( Figures 1F and 2F) but not of protein stabilization. WRKY33 expressed under the 35S promoter showed no change in protein levels after B. cinerea infection or in DD background after DEX treatment (Figures 5B and 6B) . As a result, MPK3/MPK6 are capable of regulating their substrates at different levels, including transcriptional activity, protein stability, and protein complex formation. In addition, the expression pattern of MPK3/MPK6 substrates can also affect signaling specificity. ACS2/ACS6, ERF104, and WRKY33 are expressed in most tissues, which is consistent with the general stress/defense responses. By contrast, SPEECHLESS is expressed only in cells about to enter the stomatal lineage, which confers the specific role of MPK3/MPK6 in plant stomatal development Lampard et al., 2008) . Research aimed at identifying additional MPK3/MPK6 substrates will reveal the molecular mechanisms underlying the complex roles of MPK3/MPK6 in plant growth, development, and response to environment and/or pathogens.
METHODS Plant Growth, Treatments, Camalexin Measurement, and Statistical Analysis
Arabidopsis thaliana plants were grown under a 14-h light cycle (100 mE m 22 s 21 ) at 228C. Seedlings were grown in 20-mL gas chromatography vials with 6 mL of half-strength Murashige and Skoog liquid medium in a growth chamber under continuous light as described before (Ren et al., 2008) . Two-week-old seedlings were used for experiments. Seedlings were collected at various time points after the addition of DEX or inoculation of Botrytis cinerea spores (4.0 3 10 5 spores per vial). Procedures for B. cinerea maintenance and spore preparation were as previously described (Ren et al., 2008; Han et al., 2010) .
Camalexin production by Arabidopsis seedlings was determined using a previously described method (Tsuji et al., 1992; Glazebrook and Ausubel, 1994) with slight modification (Ren et al., 2008) . Briefly, camalexin accumulation in the culture medium, which reflects its production in the seedlings, was quantified by fluorospectrometry with a standard curve established using known concentrations of camalexin.
At least two independent repetitions were performed for experiments with multiple time points. For single time point experiments, at least three independent repetitions were done. Results from one of the independent repeats that gave similar results were shown. n = 3 indicates independent biological samples from one of the repeats. Student's t test was used to determine whether the difference between two groups of data at a specific time point is statistically significant (P < 0.05). Statistically different data groups are indicated using different number of asterisks (0 to 3) vertically placed above the columns in the graphs.
Mutant Lines and Generation of Transgenic Plants
Mutant alleles of mpk3-1 (SALK_151594) and mpk6-2 (Salk_073907) were used for experiments (Liu and Zhang, 2004; Wang et al., 2007) . The generation of rescued mpk3 mpk6 double mutant was detailed by Wang et al. (2007) . All mutants used in this study are in the Col-0 background. Two T-DNA insertion mutant alleles, wrky33-1 (SALK_006603) and wrky33-2 (GABI_324B11), were described previously (Zheng et al., 2006) . Both wrky33-1 and wrky33-2 alleles were used for experiments demonstrating the requirement of WRKY33 in B. cinerea-and DD-induced camalexin production ( Figures 1A to 1D and 2A to 2D) . Similar results were obtained and results using wrky33-1 were shown. Complementation experiments using WRKY33-TAP, WRKY33 WT , and WRKY33 SA transgenes ( Figures 1E,  2E , and 5 to 7) were done in only wrky33-2 background because wrky33-1 acquired kanamycin resistance from the T-DNA insertion. For crosses, wrky33 mutations were followed by PCR genotyping, and the DD transgene was followed by hygromycin resistance. F3 double homozygous seedlings were used for experiments unless stated otherwise.
For the generation of the native promoter-driven WRKY33-TAP (P WRKY33 :WRKY33-TAP) construct, an ;1.3-kb DNA fragment of the WRKY33 promoter was PCR amplified from Arabidopsis genomic DNA using primers 59-ATCAAGCTTCCACATATCGTGCAATAAGAAACT-39 and 59-ATCGAGCTCACGAAAAATGGAAGTTTGTTTTATAAAAGA-39. The promoter sequence was digested with HindIII/SacI and inserted into the same restriction sites to replace the cauliflower mosaic virus 35S promoter of plant transformation/expression vector pOCA30 (Chen and Chen, 2002) . The full-length WRKY33 cDNA was PCR amplified using primers 59-ATCGAGCTCTATATGGACAATAGCAGAACCAGACA-39 and 59-ATC-GGATCCGGGCATAAACGAATCGAAAAATG-39 and fused with the TAP tag as previously described (Xing and Chen, 2006) . The WRKY33-TAP construct was then subcloned behind the WRKY33 promoter in pOCA30. The constructs were verified by DNA sequencing.
To generate loss-of-phosphorylation WRKY33 mutant (WRKY33 SA ), we PCR amplified the wild-type WRKY33 cDNA and cloned it into pBluescript II KS vector. Mutations were introduced by QuickChange site-directed mutagenesis (Stratagene) and confirmed by sequencing. Primers used for mutagenesis were as follows: 12AAF1, 59-ctccttcttcaatctctatcGctccttctcttgtcGctccttccacttgtttc-39; 34AAF1, 59-ctccttccacttgtttcGCtccctctctttttctcgatGcccctgcttttgtctcc-39; 5AF1, 59-ctctgctaacgttctagctGctccaaccacaggagc-39, and their complementary primers. Mutated nucleotides are marked with uppercase letters. WRKY33 SA with all five Ser residues mutated to Ala residues was generated by three successive mutagenesis steps.
To generate the 35S:4myc-WRKY33 WT and 35S:4myc-WRKY33 SA constructs, we amplified the wild-type and WRKY33 SA cDNA fragments using primers 59-GGAATTCCATATGGCTGCTTCTTTTCTTACAATGGA-CAATAGCAGAACCAGACA-39 and 59-GACTAGTTCAGGGCATAAAC-GAATCG-39 and cloned the PCR fragment into a modified pBlueScript II KS vector with a 4myc epitope tag coding sequence at the 59-end. The WRKY33 cDNA with a 4myc epitope tag coding sequence was then moved into the SpeI/XhoI sites of a modified pBI121 vector.
All generated binary vectors were transformed into Agrobacterium trumefaciens strain GV3101. Arabidopsis transformation was performed by the floral dip procedure (Clough and Bent, 1998) , and transformants were identified by screening for kanamycin or hygromycin resistance. Independent lines with expression of tagged WRKY33 were identified based on RNA gel blots and/or immunoblotting analyses. From these transformants, those with a single copy of T-DNA insertion (based on the 3:1 segregation of antibiotic/herbicide resistance in T2 progeny) were isolated, and homozygote transgenic plants were further identified in the progeny based on segregation of antibiotic resistance.
Preparation of Recombinant WRKY33 Proteins and in Vitro Phosphorylation Assay
WRKY33 WT and WRKY33 SA cDNA was PCR amplified using primers (59-GGAATTCATGGCTGCTTCTTTTCTTACAATG-39 and 59-CCGCTC-GAGTCAGGGCATAAACGAATCG-39) and ligated into pET32a (+) vector in frame. The constructs were transformed into Escherichia coli strain BL21 (DE3). Recombinant protein expression was induced with 0.25 mM isopropylthio-b-galactoside for 3 h at 288C. His-tagged proteins were purified using nickel columns and dialysis to 20 mM Tris-HCl, pH 7.5, overnight at 48C.
The in vitro phosphorylation assay was performed as previously described (Liu and Zhang, 2004; Han et al., 2010) . In brief, recombinant WRKY33 proteins were mixed with activated MPK3, MPK6, MPK4, and MPK10 (20:1 substrate enzyme ratio) in the kinase reaction buffer (20 mM HEPES, pH 7.5, 10 mM MgCl 2 , and 1 mM DTT) with 25 mM ATP and [g-32 P]-ATP (1 mCi per reaction). The reactions were stopped by the addition of SDS sample buffer after 30 min. Phosphorylated WRKY33 was visualized by autoradiography after being resolved in a 10% SDS-PAGE gel.
DNA-Protein EMSA
Synthetic DNA oligonucleotide (59-CGTTGACCGTTGACCGAGTTGACT-TTTTA-39) with three W-boxes (underlined) was used as probe. DNA probe labeling and gel mobility shift assays were performed as previously described (Kim and Zhang, 2004) . Briefly, two complementary strands of the oligonucleotides were annealed and then labeled at the 59-end using T4 polynucleotide kinase. The 32 P-labeled DNA probe was purified using Bio-Spin column (Bio-Rad). Freshly prepared recombinant WRKY33 WT or WRKY33 SA protein (1 mg) was incubated with 20,000 to 50,000 cpm of DNA probe (2 pmole) for 30 min at room temperature in binding buffer (20 mM HEPES, pH 7.9, 0.1 mg/mL herring sperm DNA, 0.5 mM DTT, 0.1 mM EDTA, and 50 mM KCl) in the presence or absence of unlabeled competitor DNA. The resulting protein-DNA complexes were resolved in 5% nondenaturing polyacrylamide gel in half-strength TBE buffer. Following electrophoresis, the gel was dried onto 3MM paper and exposed to x-ray film. For testing the effect of MAPK phosphorylation on the DNA binding activity of WRKY33, recombinant WRKY33 WT was first incubated with the activated MPK3 and MPK6 (equal mix) in the kinase reaction buffer with 50 mM ATP for 60 min at room temperature before performing the EMSA assay.
Protein Extraction, Immunoblot Analysis, and in-Gel Kinase Assay
Proteins for in-gel kinase assay and immunoblot detection of Flag-tagged DD were extracted as previously described (Zhang and Klessig, 1997) . For detection of tagged WRKY33 proteins, total proteins were extracted using 3 volumes (v/w) of SDS-loading buffer without bromophenol blue dye (Joo et al., 2008) . The concentration of protein was determined using the Bio-Rad protein assay kit with BSA as the standard. Immunoblot detection of tagged transgene products was performed as previously described (Liu and Zhang, 2004) . Antibody against the myc-epitope tag was purchased from Millipore, and the anti-IgG-horseradish peroxidase (HRP) conjugate used to detect the TAP-tagged WRKY33 was purchased from Sigma-Aldrich. MBP, WRKY33, or WRKY33 SA recombinant protein was used as the substrate for the in gel-kinase assay (Zhang and Klessig, 1997; Liu and Zhang, 2004) .
Mobility Shift Assay to Detect in Vivo Phosphorylated Proteins
Phos-tag reagent (NARD Institute) was used for the phospho-protein mobility shift assay to detect in vivo phosphorylated WRKY33 protein.
Proteins (10 mg) were separated in a 10% SDS-PAGE gel containing 100 mmol/L Phos-tag and 200 mM MnCl 2 . After proteins were transferred to a nitrocellulose membrane, 4myc-tagged WRKY33 was detected using the anti-myc antibody (Millipore).
qPCR Analysis
Total RNA was extracted using TRIzol reagent (Invitrogen). After DNase treatment, 1 mg of total RNA was used for reverse transcription. qPCR analysis was performed using an Optican 2 real-time PCR machine (MJ Research) as previously described (Ren et al., 2008) . After normalization to an EF-1a control, the relative levels of gene expression were calculated. The primer pairs (forward and backward) used for qRT-PCR were EF1a (At5g60390, 59-TGAGCACGCTCTTCTTGCTTTCA-39 and 59-GGTGGTGGCATCCATCTTGTTACA-39), CYP71A13 (At2g30770, 59-GGGTAGAGGCTGGACCAAAT-39 and 59-ACAACCGAAGATGGA-AATGC-39), CYP71B15 (PAD3, At3g26830, 59-GGTACGGGATAAAT-CTCTATGA-39 and 59-AGATACAGTCGATGAACCTAC-39), WRKY33 (At 2g38470, 59-GTGATATTGACATTCTTGACGA-39 and 59-GATGGTTGTG-CACTTGTAGTA-39), and WRKY33-TAP transgene (59-AACAACGAAA-CGCCTTCATC-39 and 59-CGGAATTCGCGTCTACTTTC-39).
WRKY33 transgene expression in the wrky33 mutant background was examined by RT-PCR using a primer pair (59-TTCAGTCCCTCTC-TTTTTCTCGAT-39 and 59-GGTCTCCTCGTTTGGTTCTTC-39) that spans the whole open reading frame because nonfunctional transcripts are still produced from the mutated wkry33 gene (Zheng et al., 2006) . Equal cDNA input was confirmed by PCR using EF1a control (59-GATGGTCAGA-CCCGTGAGCACG-39 and 59-CAGTCTCAACACGTCCCACTGGC-39). Twenty-five cycles of PCR were performed.
ChIP-qPCR Analysis
F1 plants generated from the cross of wrky33/4myc-WRKY33 and DD lines were used for ChIP assay. Two-week-old seedlings treated with 1 mM DEX for 12 h were processed as described (Kaufmann et al., 2010) . Chromatin was isolated from 0.8 g of frozen tissue and sonicated with a Bioruptor sonicator (15 s on and 15 s off cycles, medium-energy settings) for 6 min. Immunoprecipitation was performed by incubating chromatin with 2 mg of anti-myc antibody (Millipore) or mouse IgG (negative control) for 1 h at 48C. The protein-chromatin immunocomplexes were captured using Protein G-Dynal magnetic beads (Invitrogen). After Proteinase K digestion, the immunoprecipitated DNA was purified using ChIP DNA Clean and Concentrator kit (Zymo Research). Immunoprecipitated DNA and input DNA were analyzed by qPCR using primers specific for the promoter regions of PAD3 and WRKY33. The primer pairs (forward and backward) used for ChIP-qPCR were PAD3 (59-TGTTCATG-CACTTCGTCTCG-39 and 59-CTTCACTGACCGAGCTAACAAA-39) and WRKY33 (59-TTTTTGAGCAAGAGCCAAGAAT-39 and 59-GGCTCAATG-CTTTCATCATCTT-39) that flank the W-boxes in the promoters. The ChIP results are presented as percentage of input DNA.
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: MPK3 (At3g45640), MPK6 (At2g43790), MKK4 (At1g51660), MKK5 (At3g21220), EF1a (At5g60390), CYP71A13 (At2g30770), CYP71B15 (PAD3, At3g26830), and WRKY33 (At 2g38470).
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